Ghrelin, a stomach-derived orexigenic peptide, and leptin, a fat-derived anorexigenic hormone, act primarily in the hypothalamus to regulate energy homeostasis and have been reported to be regulated in opposite directions by acute and chronic changes in nutritional state. Nutritional, anthropometric, and hormonal predictors of circulating ghrelin have not yet been fully elucidated, and whether ghrelin is regulated by leptin in humans remains unknown. To address these questions, we performed cross-sectional and interventional studies. In 120 healthy men and women, ghrelin was negatively associated with leptin as well as overall and central adiposity, but not with total energy or specific macronutrient intake. The sexual dimorphism in ghrelin levels (higher levels in women than in men) and the negative correlation between ghrelin and insulin are largely mediated by central adiposity. G HRELIN IS A novel peptide produced primarily by the stomach that acts as a ligand for the GH secretagogue receptor (1). Through activation of pathways distinct from those needed for GH secretion, ghrelin also functions as a potent orexigenic peptide, acting in part by activating the hypothalamic neuropeptide Y receptor pathway (2). Administration of ghrelin increases appetite and promotes food intake in rodents and humans (3-5) and induces adiposity in rodents (3). Thus, ghrelin appears to act as a peripheral orexigen that counteracts the action of leptin, an adipocytederived hormone that reduces appetite and increases energy expenditure in animal models (6). Ghrelin may function as an adiposity signal that is the opposite of leptin. Although ghrelin levels are lower in obese subjects (7, 8) and higher in anorexic patients (8, 9), leptin levels correlate with obesity and anorexia in the opposite direction (6, 10). A role for ghrelin in the short-term regulation of energy intake, i.e. appetite and meal initiation, has also been proposed, as ghrelin levels rise in the preprandial phase in humans (11) and decrease after meals (8, 11) in contrast to leptin levels, which decrease acutely after fasting (12), but are not generally affected by a single meal (10). Despite recent progress in understanding ghrelin physiology, the potential regulation of ghrelin by variations in total energy or nutrient intake and/or hormone levels, including leptin, is not yet fully understood.
G
HRELIN IS A novel peptide produced primarily by the stomach that acts as a ligand for the GH secretagogue receptor (1) . Through activation of pathways distinct from those needed for GH secretion, ghrelin also functions as a potent orexigenic peptide, acting in part by activating the hypothalamic neuropeptide Y receptor pathway (2) . Administration of ghrelin increases appetite and promotes food intake in rodents and humans (3) (4) (5) and induces adiposity in rodents (3) . Thus, ghrelin appears to act as a peripheral orexigen that counteracts the action of leptin, an adipocytederived hormone that reduces appetite and increases energy expenditure in animal models (6) . Ghrelin may function as an adiposity signal that is the opposite of leptin. Although ghrelin levels are lower in obese subjects (7, 8) and higher in anorexic patients (8, 9) , leptin levels correlate with obesity and anorexia in the opposite direction (6, 10) . A role for ghrelin in the short-term regulation of energy intake, i.e. appetite and meal initiation, has also been proposed, as ghrelin levels rise in the preprandial phase in humans (11) and decrease after meals (8, 11) in contrast to leptin levels, which decrease acutely after fasting (12) , but are not generally affected by a single meal (10) . Despite recent progress in understanding ghrelin physiology, the potential regulation of ghrelin by variations in total energy or nutrient intake and/or hormone levels, including leptin, is not yet fully understood.
As ghrelin and leptin appear to be regulated in opposite directions by acute and chronic alterations in energy homeostasis, it would be reasonable to hypothesize that one may regulate the other or that a common factor regulates both differentially. However, animal studies evaluating the regulation of ghrelin by leptin have not demonstrated a clear relationship between leptin levels and ghrelin levels and/or expression (13) (14) (15) (16) (17) (18) . In addition, the regulation of ghrelin by either physiological or pharmacological levels of leptin in humans remains unknown. Although ghrelin has been reported to increase during diet-induced weight loss (19, 20) , the effect on ghrelin levels of acute negative energy balance without a significant change in fat mass, such as a prolonged, complete fast that results in a low leptin state, has not yet been reported in humans. Such studies would have direct relevance in clarifying the postulated role of ghrelin as a meal initiator and elucidating whether fasting per se or changes in leptin levels have a direct effect in altering ghrelin levels independently from the potential confounding effect of major changes in weight or fat mass.
We performed cross-sectional and interventional studies in healthy subjects to further elucidate ghrelin physiology in humans. In 120 healthy young subjects, we measured hormone levels (including leptin) and performed body composition, total energy, and macronutrient analyses to evaluate predictors of serum ghrelin levels. To determine whether fasting or leptin directly regulates ghrelin in humans, we performed interventional studies involving fasting and administration of recombinant methionyl human leptin (r-metHuLeptin) to healthy subjects. Six lean men were studied under 3 separate conditions (fed state, 72-h fasting alone, and 72-h fasting with administration of r-metHuLeptin at physiological replacement doses), with measurement of ghrelin and leptin every 30 min over 24 h on the third day of each condition. In a separate group of lean men, we administered r-metHuLeptin at doses ranging from low physiological to high pharmacological on 3 separate days to determine whether leptin has an acute effect on ghrelin levels and, if so, whether this occurs in a dose-dependent fashion.
Subjects and Methods

Cross-sectional study
One hundred and twenty postpubertal Greek students (age, 17.7 Ϯ 1.7 yr; range, 14 -26) were consecutively enrolled in a study approved by the ethics committee at Harokopio University (Athens, Greece) and the institutional review board of Beth Israel Deaconess Medical Center (BIDMC). Subjects and their parents gave written informed consent to participate in the study. Blood samples were collected from all except 2 subjects after an overnight fast (Ն10 h), resulting in 118 evaluable subjects. Subjects recorded the type and volume of food or beverage consumed (using standard household measures) over 2 consecutive weekdays and 1 weekend day, as previously described (21) . Six subjects did not return their food records. The Nutritionist V Diet Analysis software (FirstDataBank, Inc., San Bruno, CA), as modified for the Greek population, was used to calculate total energy and nutrient intake for 61 female and 53 male subjects (21) .
Anthropometric and body composition measurements were performed before breakfast in subjects wearing light clothing without shoes. The same observer measured waist (WC) and hip circumference (to a precision of 0.1 cm) and triceps, biceps, subscapular, and suprailiac skinfolds twice on the right side of the body (to a precision of 0.2 mm) using a Lange skinfold caliper (Cambridge Scientific Instruments, Cambridge, MA) with the average of two measurements reported. Bioelectrical impedance analysis (BIA), using a single frequency bioimpedance analyzer (model 101, RJL Systems, Mt. Clemens, MI), was used to calculate fat-free mass and percent fat mass (%FM) (22) . The BIA measurements were previously validated (23) against a Lunar DPX dual energy x-ray absorptiometry (DEXA) densitometer (Lunar Corp., Madison, WI; software version 4.7e), which measures total body and trunk fat mass. Estimates of FM and %FM obtained by BIA and DEXA correlated strongly with each other (FM, r ϭ 0.91; %FM, r ϭ 0.88) and with body mass index (BMI; FM and %FM by BIA, r ϭ 0.94; FM and %FM by DEXA, r ϭ 0.84). Trunk fat (a measure of central adiposity) obtained by DEXA correlated highly with WC (r ϭ 0.90) and waist to hip ratio (WHR; r ϭ 0.54). Thus, in our analysis, we used BMI and FM calculated by BIA as markers of overall adiposity, and WC and WHR as markers of central obesity.
Interventional studies
Both interventional study protocols were approved by the BIDMC institutional review board, and subjects gave written informed consent to participate in the study. Clinical quality r-metHuLeptin was supplied by Amgen, Inc. (Thousand Oaks, CA) and administered under an investigator-initiated investigational new drug application approved by the Food and Drug Administration.
Administration of physiological leptin doses in the fasting state. Six normal weight men (age, 23.5 Ϯ 1.3 yr; BMI, 24.0 Ϯ 0.4 kg/m 2 ) were screened for any medical problems and admitted to the BIDMC General Clinical Research Center (GCRC) under three different conditions: baseline fed state, fasting with placebo administration, and fasting with replacement dose r-metHuLeptin administration designed to achieve physiological serum leptin levels similar to those in the fed state. During each fed or fasting study, subjects were admitted to the GCRC the evening before study d 1 and acclimated to a research bed for 2 d before the frequent sampling day (d 3).
During the baseline fed state, subjects received a standardized isocaloric diet: 20% of calories from breakfast (0800 h), 35% from lunch (1300 h), 35% from dinner (1800 h), 10% from a snack (2200 h). During the fasting studies, subjects received only caffeine-and calorie-free liquids for 3 d and NaCl (500 mg), KCl (40 mEq), and a standard multivitamin with minerals daily. After a snack on the evening before study d 1, they fasted until 1000 h on d 4 (light standardized breakfast) with ad libitum feeding starting at 1300 h. Lights were on from 0700 -2300 h and were off from 2300 -0700 h, during which time the subjects slept. Subjects were weighed in light clothing without shoes, and body composition was assessed by DEXA using a Hologic 2000 scanner [Hologic, Waltham, MA; coefficient of variation (CV), 1.5% for body fat measurements] at the beginning (d 1) and end (d 4) of each fasting state.
Starting at 0830 h on d 3, blood samples were drawn every 15 min for 24 h through an iv catheter placed in the forearm. Pairs of consecutive samples, drawn 15 min apart, were pooled, and hormone measurements were performed on the pooled samples to decrease variability. During the night, blood samples were drawn outside the subject's room to avoid disturbing sleep. For the fed state, ghrelin levels were not available for two subjects due to insufficient serum. During the two fasting studies, either placebo or r-metHuLeptin was administered as four sc injections per day at a dose of 0.04 mg/kg⅐d on the first day and 0.1 mg/kg⅐d on the second and third days (total daily dose each day divided into four equal doses given every 6 h).
Administration of physiological to pharmacological leptin doses in the fed state.
Five lean healthy men (age, 22.2 Ϯ 0.9; BMI, 22.0 Ϯ 0.5 kg/m 2 ), screened for any medical problems, were admitted to the GCRC the night before the first study day and placed on an isocaloric diet (same caloric distribution as described above, with breakfast at 0715 h, lunch at 1400 h, dinner at 1800 h, and snack at 2200 h). At 0800 h on d 1, subjects received a single dose of r-metHuLeptin (0.01 mg/kg), with blood samples for ghrelin and leptin drawn at time zero before the dose and at 1, 2, 3, 4, 5, 6, 8, 10, 12, 18, and 24 h after the dose. At 0800 h on the next day, subjects received a second, higher dose of r-metHuLeptin (0.1 mg/kg), with blood drawn at the same time points. (Two subjects received the 0.01 and 0.1 mg/kg doses during two separate 1-d admissions.) The same subjects were admitted to the GCRC again 1-2 months later for a separate 1-d stay (following the same protocol for blood draws and meals), with r-metHuLeptin administered at a dose of 0.3 mg/kg (30 and 3 times higher than the first and second doses, respectively).
Hormone assays
Hormones were measured using commercially available kits: leptin, RIA (Linco Research, Inc., St. Charles, MO; sensitivity, 0.5 ng/ml; intraassay CV, 8.3%); ghrelin, RIA [Linco Research, Inc.; sensitivity, 100 pg/ml; intraassay CV, 3.3-10.0%; spike and recovery experiments, 91-96% recovery; serial dilutions yielded 99 -146% of expected values; 100% specificity for human ghrelin, ghrelin-(14 -28), and des-octonylghrelin and no cross-reactivity with human leptin or insulin (Linco package insert 17)]; cortisol, RIA (Diagnostic Systems Laboratories, Webster, TX; sensitivity, 13.8 nmol/liter; intraassay CV, 5.3-8.4%); insulin, RIA (Diagnostic Systems Laboratories; sensitivity, 7.8 pmol/liter; intraassay CV, 8.3%); estradiol, RIA (Diagnostic Products Corporation; sensitivity, 29.4 pmol/liter; intraassay CV, 4.3-7.0%); free testosterone, RIA (Diagnostic Systems Laboratories; sensitivity, 0.52 pmol/liter; intraassay CV, 8.0%); and IGF-I, immunoradiometric assay (Diagnostic Systems Laboratories; sensitivity, 0.27 nmol/liter; intraassay CV, 3.9 -7.0%). To minimize variability, hormone levels were measured in one assay for all subjects participating in the cross-sectional study and in one assay for each subject in the interventional studies.
Statistical analysis SPSS 8.0 software (SPSS, Inc., Chicago, IL) was used for statistical analysis. Demographic, anthropometric, and hormonal parameters are expressed as the mean Ϯ sd for the cross-sectional study, with comparison of means (between males and females) performed using t tests. Pearson's correlation coefficients were calculated. Using bivariate analysis, we evaluated associations between ghrelin levels and gender, age, anthropometric and body compositions (BMI, WHR, FM, %FM, and sum of skinfolds), and hormonal (leptin, cortisol, estradiol, free testosterone, insulin, and IGF-I) parameters, all expressed as continuous variables. Multivariate linear regression analysis was used to adjust for potential confounders, as shown in the relevant tables. Nonnormally distributed variables were logarithmically transformed to obtain a normal distribution. We used bivariate and two separate multivariate linear regression analysis models to evaluate the correlation between total energy or energy from specific macronutrients (protein, carbohydrates, and fat) with ghrelin levels (21, 24) . Using an energy partition model, ghrelin levels regressed on caloric intake from each of the three macronutrients were adjusted for gender, FM, and calories from sources other than the variable of interest, thus providing analysis of the specific nutrient's effect on ghrelin. To allow an isocaloric evaluation of each macronutrient's effect on ghrelin controlling for total energy intake, a multivariate nutrient density model was used to evaluate the correlation between ghrelin and caloric intake from each macronutrient adjusted for 1) total energy intake only, or 2) gender, FM, and total energy intake. The size of the cross-sectional study provided more than 80% power to detect clinically significant associations (r Ն 0.22) at the conventional ␣ ϭ 0.05 level. P Ͻ 0.05 (two-tailed) was considered statistically significant for these analyses.
For the interventional studies, the area under the curve (AUC) for hormone measurements (ghrelin, leptin, or cortisol) over the study time period (24 h for the fasting study and 18 h for the fed study) was calculated using the standard trapezoid method. Values are expressed as the mean Ϯ se. Nonparametric ANOVA was used to evaluate significant differences in AUC results between the fed vs. fasting state with placebo vs. fasting with r-metHuLeptin states for the first interventional study and among the three doses of r-metHuLeptin (0.01, 0.1, and 0.3 mg/kg) for the second interventional study. P Ͻ 0.05 was considered statistically significant for ANOVA. For the first interventional study, the percent changes in ghrelin, leptin, and cortisol values for the fed, fasting, and fasting with replacement r-metHuLeptin admissions are calculated based on the 0830 h point for the fed stay. For the two subjects who did not have ghrelin levels measured in the fed stay, the average of the 0830 h ghrelin levels of the other subjects was used for calculation. Wilcoxon signed-ranks test was used to evaluate significant changes in weight or body composition between d 1 and 4 of each admission, with Bonferroni correction used to adjust for multiple comparisons. P Ͻ 0.0167 was considered statistically significant, and 0.0167 Յ P Ͻ 0.05 was of borderline significance.
Results
Cross-sectional study
In the cross-sectional study of 120 subjects, the 56 men and 62 women were of normal weight (BMI, 22.3 Ϯ 3.6 kg/m 2 ), with a mean ghrelin level of 856.1 Ϯ 433.3 pg/ml (females, 943.0 Ϯ 503.2 pg/ml; males, 759.3 Ϯ 316.6 pg/ml; P ϭ 0.02) and a mean leptin level of 6.8 Ϯ 5.9 ng/ml (females, 9.9 Ϯ 6.2 ng/ml; males, 3.3 Ϯ 2.6 ng/ml; P Ͻ 0.001; Table 1 ). Females reported lower total energy intake than males (1863 Ϯ 794 vs. 2796 Ϯ 1009 kcal/d; P Ͻ 0.001), but there was no difference in relative macronutrient contribution to total energy intake between genders (data not shown).
The significant gender difference in serum ghrelin levels (standardized regression coefficient ␤ ϭ Ϫ0.21; P ϭ 0.02), with females having higher levels than males, persisted after controlling for age, but lost significance after adjustment for WHR or BMI (Table 2) . Although there was only a weak correlation between age and ghrelin levels by bivariate analysis (␤ ϭ 0.14; P ϭ 0.13), adjustment for gender indicated an association of borderline significance (␤ ϭ 0.17; P ϭ 0.08) between age and ghrelin levels. Further adjustment for markers of adiposity (BMI, WHR, FM, and %FM) resulted in a significant positive correlation between age and ghrelin levels (␤ ϭ 0.20 -0.22; P ϭ 0.02-0.03), indicating that ghrelin correlates positively with age in individuals of the same gender and level of adiposity.
Ghrelin and BMI showed a significant negative association (␤ ϭ Ϫ0.31; P ϭ 0.001), which persisted after adjustment for gender and age (Table 2) . Similarly, ghrelin was negatively correlated with FM (␤ ϭ Ϫ0.20; P ϭ 0.03), independent of gender and age, and even more strongly with %FM after sequentially adjusting for gender (␤ ϭ Ϫ0.30; P ϭ 0.01) and age (␤ ϭ Ϫ0.34; P ϭ 0.005). Similar results were obtained for the sum of skinfold thickness, another marker of adiposity (data not shown). Finally, ghrelin showed a highly significant negative correlation with WC (␤ ϭ Ϫ0.37, P Ͻ 0.001), a validated marker of central adiposity, which persisted after adjusting for gender, age, BMI, FM, and %FM, indicating that the correlation of ghrelin with central obesity is independent of overall obesity. Similar results were obtained for ghrelin and WHR (Table 2) .
Although ghrelin and leptin were not correlated by bivariate analysis (␤ ϭ Ϫ0.11; P ϭ 0.27), adjusting for gender resulted in a significant negative correlation (␤ ϭ Ϫ0.44; P Ͻ 0.001), which persisted even after accounting for total and central adiposity (Table 2 ). This indicates that leptin and ghrelin are negatively associated within a given gender independent of overall and central adiposity. In contrast, insulin had only a weak negative association with ghrelin (␤ ϭ Ϫ0.17; P ϭ 0.07) independent of gender and age that became nonsignificant after adjustment for adiposity. IGF-I correlated negatively with ghrelin (␤ ϭ Ϫ0.19; P ϭ 0.04), but the association was of borderline significance after controlling for gender (␤ ϭ Ϫ0.16; P ϭ 0.09) and was not significant after adjusting for age or adiposity. Similar results were seen for Values are the mean Ϯ SD.
free testosterone (␤ ϭ Ϫ0.20; P ϭ 0.03), with no association after adjustment for gender. There was no significant correlation between ghrelin and either cortisol or estradiol levels. We then used energy partition and multivariate nutrient density models to evaluate the relationship between total energy and macronutrient energy intake with serum ghrelin levels. With the exception of a borderline association between serum ghrelin and amount of energy derived from protein (␤ ϭ Ϫ0.18; P ϭ 0.07) by bivariate analysis, which became nonsignificant after adjusting for gender, FM, and caloric intake from carbohydrates and fat, ghrelin was not associated with total energy or macronutrient intake (data not shown).
Interventional studies
Given the negative association between ghrelin and leptin in the cross-sectional study, we evaluated the potential regulation of ghrelin by leptin in an interventional study involving 72-h fasting with and without leptin replacement in healthy lean men. After 3 d of fasting, body weight tended to decrease by approximately 2 kg [fasting, 75.7 Ϯ 2.9 to 73.7 Ϯ 2.9 kg (P ϭ 0.028); fasting and r-metHuLeptin, 77.3 Ϯ 3.3 to 75.0 Ϯ 3.3 kg (P ϭ 0.028)] with a small decrease in fat mass [fasting, 13.0 Ϯ 2.8 to 12.4 Ϯ 2.9 kg (P ϭ 0.07); fasting and r-metHuLeptin, 14.3 Ϯ 2.9 to 12.9 Ϯ 2.9 kg (P ϭ 0.028)] that was of borderline significance. In both fasting studies, the %FM was not significantly different compared with baseline [fasting, 17.0 Ϯ 3.3 to 16.8 Ϯ 3.6 kg (P ϭ 0.50); fasting and r-metHuLeptin, 18.3 Ϯ 3.4 to 18.3 Ϯ 3.6 kg (P ϭ 0.89)]. In the baseline fed state, leptin levels demonstrate the typical diurnal pattern with an increase of approximately 50% during the overnight hours compared with daytime levels (25) (Fig.  1A) . After subjects fasted for 3 d, leptin levels were suppressed to approximately 10% of baseline, with complete loss of the diurnal rhythm (i.e. out of proportion to changes in weight and body fat). When r-metHuLeptin was administered to subjects during the 72-h fast, serum leptin levels were fully restored to baseline levels. The resultant leptin levels were higher than those in the fed state, but were within the physiological range for lean men (Table 3A) .
In the same subjects, serum ghrelin levels over a 24-h period during the fed state showed the expected pattern of preprandial rises and postprandial declines and followed a diurnal pattern, with a peak between 0100 -0200 h (Fig. 1B) . Fasting for 3 d abolished the meal-related pattern of ghrelin levels, but the diurnal variation remained, with higher levels overnight, followed by a decline between 0200 -0400 h. When replacement dose r-metHuLeptin was administered during fasting, the lack of a meal-related pattern in ghrelin levels was also observed, with minimal variation in ghrelin levels during the day and evening before declining from 0200 -0500 h. The AUC and 24-h mean levels for ghrelin in the three different states were not significantly different by ANOVA (Table 3A) .
Cortisol levels were measured in the same samples to obtain a marker of circadian variability that could serve as a benchmark for comparison with ghrelin levels. In the baseline state, cortisol levels peaked in the early morning hours, with a nadir overnight as expected. Fasting resulted in mild activation of the adrenal axis, as manifested by an increase in 24-h AUC and mean levels, with similar results obtained during the fasting study with r-metHuLeptin administration (Table 3A and Fig. 1C) . During both fasting studies, an increase in ghrelin levels during the early morning hours occurred at approximately the same time as the early morning rise in cortisol levels.
Given the lack of a significant effect of a low leptin state or replacement dose r-metHuLeptin on ghrelin levels, we then evaluated whether high pharmacological doses of r-metHuLeptin would acutely regulate ghrelin levels. In re- sponse to a single dose of r-metHuLeptin administration, leptin levels increased from a baseline of 2.32 Ϯ 0.22 ng/ml to a peak of 7.19 Ϯ 0.66 ng/ml at 4 h after 0.01 mg/kg r-metHuLeptin (low physiological), from 2.11 Ϯ 0.22 ng/ml to a peak of 68.45 Ϯ 3.88 ng/ml at 4 h after 0.1 mg/kg r-metHuLeptin (pharmacological), and from 2.97 Ϯ 0.30 ng/ml to a peak of 147.54 Ϯ 12.71 ng/ml at 3 h after 0.3 mg/kg r-metHuLeptin (high pharmacological). The AUC of leptin levels increased significantly with increasing dose of r-metHuLeptin (Table 3B ), but over the time course of high leptin levels induced by pharmacological doses of r-metHuLeptin, the AUC of serum ghrelin levels did not change significantly (Table 3B ). Small changes in ghrelin levels corresponded to the timing of meals, but ghrelin levels overall were clearly not affected by the marked change in leptin levels (Fig. 2) .
Discussion
In these studies of healthy subjects, we found that ghrelin exhibits a sexual dimorphism, with higher levels in females vs. males, correlates positively with age after adjustment for gender and adiposity, is negatively associated with adiposity (particularly with central adiposity), and demonstrates an inverse correlation with leptin (after adjusting for gender) that is independent of adiposity. We also demonstrate for the first time that ghrelin is not affected by total energy or macronutrient intake and that despite the observed negative correlation with leptin levels, neither 72-h fasting (a low leptin state) nor r-metHuLeptin administration in physiological replacement or high pharmacological doses alters ghrelin levels in humans over the course of several hours to a few days.
Ghrelin has generated significant scientific interest over the past few years, as available observational and experimental evidence indicates that it is an important peripheral orexigen that increases appetite and food intake. The decrease in this stomach-derived hormone immediately after a meal (8, 11, 26) suggests that ghrelin may be involved in the short-term control of energy intake and is regulated by circulating (i.e. glucose and/or insulin) and/or local (i.e. stomach distention) factors. However, although one study found that oral and iv glucose decrease ghrelin levels (8), other studies have reported no regulation of ghrelin by hypoglycemia (27) , hyperglycemia (27, 28) , or the combination of sc insulin and iv glucose designed to simulate a meal (26) . Although supraphysiological insulin levels during clamp studies can suppress ghrelin levels, physiological insulin levels do not appear to regulate ghrelin (27) (28) (29) . Finally, stomach distention with water alone had no effect on ghrelin levels in one study (8) , but ghrelin levels did decrease after consumption of noncaloric fiber to a similar degree as after a standard meal (30) . Thus, although available data suggest regulation of ghrelin by a putative meal or nutrient-related factor, the exact mechanism remains unknown. It is possible that other factors, such as stomach pH, may explain the discrepant findings and require further study.
If ghrelin secretion is altered in response to meals, one might expect that lack of meals would conversely result in a loss of this meal-related pattern. Consistent with this idea, we report for the first time that ghrelin levels show no significant fluctuations related to meals during the third day of complete fasting. We then hypothesized that fasting for 3 d (resulting in increased appetite) may be associated with elevated ghrelin levels compared with the fed state. It has been suggested that ghrelin may have a role in meal initiation (11) . In rodents, fasting for 2 d increased pulsatile ghrelin secretion (31) and ghrelin gene expression in the stomach (13, 14) , but ghrelin peptide content was paradoxically decreased (14) . In humans, although a decrease in ghrelin levels overnight to a nadir at 0600 h has been noted (11), the effect of a more prolonged fast on ghrelin levels has not been well characterized. Surprisingly, we found that prolonged fasting for 72 h, which resulted in a very low leptin state, did not significantly increase ghrelin levels compared with those during the baseline fed state in the same subjects, raising the possibility that the observed meal-related pattern of ghrelin secretion may be due primarily to postprandial decreases rather than preprandial increases in ghrelin levels. Alternatively, it is also possible that although ghrelin levels may increase in response to short-term fasting, tachyphylaxis occurs after more prolonged fasting. This needs to be explored further in future studies.
More long-term hypocaloric diets have also provided relevant insights into the role of ghrelin in appetite regulation. Although ghrelin has been reported to increase during dietinduced weight loss (19, 20) , a low fat diet, causing moderate weight loss, was not associated with increased ghrelin levels (32) . In obese subjects who lost weight by undergoing gastric bypass surgery, 24-h ghrelin levels were significantly lower compared with those in obese controls dieting for weight loss (20) . Although of shorter duration, the paradigm in our study involved a complete fast, and the lack of a change in 24-h ghrelin levels during fasting suggests that increasing ghrelin levels are not necessary for appetite regulation and/or meal initiation and indicate that ghrelin is not regulated by a low leptin state independently of significant changes in body weight and/or FM.
We then addressed whether total daily caloric intake and specific macronutrients (carbohydrate, protein, and fat) in the diet affect ghrelin levels. In a recent study, a low fat, high carbohydrate diet that induced moderate weight loss did not change ghrelin levels (32) , but the effect of varying macronutrient intake in a weight-maintaining setting has not yet been studied. We found no association between normal variations in macronutrient or total energy intake (over 3 d) and ghrelin levels, suggesting either that only the complete absence of caloric intake or the total amount of energy stored in adipose tissue or energy per meal may be more important in ghrelin regulation than dietary composition. Further interventional studies are needed to clarify this issue as well as whether micronutrients (including vitamins) or fatty acids affect ghrelin levels.
An orexigenic molecule that is causally related to the development of obesity would be expected to be higher in obese subjects. However, the converse (lower ghrelin levels in obesity) has been demonstrated in several studies (7, 8, 33) , indicating down-regulation of ghrelin and, thus, a physiological adaptation to the positive energy balance associated with obesity (7) . Similarly, ghrelin levels are higher in states characterized by chronic negative energy balance, such as Twenty-four-b AUC and 24-h mean levels of ghrelin, leptin, and cortisol on the third day of the baseline fed state, 72-h fasting with placebo, and 72-h fasting with replacement dose r-metHuLeptin administration (n ϭ 5). P values were determined by nonparametric ANOVA among the three conditions. AUC of ghrelin and leptin in response to r-metHuLeptin administration at 0.01, 0.1, and 0.3 mg/kg in the fed state (n ϭ 5). P values were determined by nonparametric ANOVA among the three conditions. anorexia nervosa (8, 34, 35) and bulimia nervosa (36). In contrast, leptin levels correlate positively with adiposity and thus reflect long-term energy stores (6, 10) . If ghrelin is important in short-term energy homeostasis and antagonizes leptin action in the hypothalamus, it would be of interest to study whether ghrelin and leptin may interact, as the systems for governing energy intake over the short-term and body weight over the long-term are probably closely linked to tightly defend body weight. Our observational study revealed that ghrelin is negatively associated with leptin (after controlling for gender), and that this association is independent of adiposity. Our observations are consistent with two prior studies (7, 35) , but not with a third study that reported no significant association in obese children, although multivariate adjustments were not performed (37).
Although ghrelin has been demonstrated to have an inverse association with both adiposity and leptin levels, whether regulation of ghrelin by leptin in animal models and humans is direct has been less clear. Studies in mice have shown both decreased (13) and increased (14) ghrelin gene expression in the stomach after leptin administration. Both transgenic "skinny" mice overexpressing leptin (16) and central adenoviral-mediated expression of leptin in rats resulting in weight loss and low peripheral leptin levels have increased ghrelin levels (15, 38), but peripheral leptin infusion, causing only moderate weight loss, prevented the rise in ghrelin seen in pair-fed, calorie-restricted rats (17) . Obese ob/ob mice with leptin deficiency and db/db mice with leptin resistance and high leptin levels have low ghrelin levels (16), but leptin treatment of ob/ob mice does not change ghrelin levels (16) . Similarly in humans, ghrelin levels in genetic forms of obesity (due to mutations in the leptin, leptin receptor, or MC4 receptor genes) are comparable to those in obese controls, with the exception of Prader-Willi children who have several-fold higher ghrelin levels (39, 40). In our study we found that neither fasting-induced low leptin levels nor restoring leptin to fed state levels alter ghrelin levels, and that exogenous administration of r-metHuLeptin to achieve high physiological or high pharmacological leptin levels had no direct effect on ghrelin levels. Taken together, these data suggest that ghrelin may track body weight changes more closely than peripheral leptin levels per se and that ghrelin may sense body fat or energy stores through mechanisms independent of leptin. The lack of regulation of ghrelin by leptin levels is consistent with the idea that ghrelin may have evolved before the development of adipocytes as a gutderived hormone that could sense adiposity directly through fat stored in the gastrointestinal system (18), making ghrelin one of the few molecules important in energy homeostasis that is not downstream of leptin.
We also found a weak negative association between ghrelin and fasting insulin levels, a surrogate marker of insulin resistance, but this correlation did not persist after adjustment for adiposity. Previous studies have found a negative correlation between ghrelin and insulin resistance (37, 41, 42), and treatment with the insulin sensitizer metformin significantly increases ghrelin levels (41), but whether this is independent from overall vs. central adiposity has not yet been investigated. We found that independent of overall adiposity, ghrelin has a strong negative association with central adiposity, which is known to correlate with insulin resistance. Taken together, these findings suggest that the relationship between ghrelin and insulin may be explained by the link between ghrelin and central adiposity.
Finally, the hormonal regulation of ghrelin remains incompletely understood. Although ghrelin is a potent GH secretagogue (43), ghrelin levels do not correlate with IGF-I or GH levels (44, 45). The effect of GH therapy on ghrelin levels in GH-deficient adults remains controversial (44, 46), although octreotide treatment in acromegaly has a suppressive effect on ghrelin levels (45, 47). We found that ghrelin and IGF-I are not associated after adjusting for gender. The interaction between ghrelin, GH, and IGF-I probably involves a complex system that is regulated by stimulatory and inhibitory factors in the hypothalamus and influenced by effects of gender, age, and adiposity. A negative correlation between ghrelin and androstenedione levels has been reported in women with polycystic ovarian syndrome and obese women, suggesting an interaction between ghrelin and sex steroid synthesis or action (42), but we observed no association between ghrelin and free testosterone or estradiol.
In summary, these cross-sectional and interventional studies of healthy subjects provide novel insights into the physiology of ghrelin. Women have higher ghrelin levels than men, which may be explained by differences in total and/or central adiposity. Ghrelin levels correlate negatively with central adiposity, even after adjustment for total adiposity, and the relationship between ghrelin and insulin levels reflects primarily an effect of central adiposity on insulin resistance. Although ghrelin levels are affected by adiposity, total energy and specific macronutrient intake are not associated with ghrelin levels. In addition, complete fasting for 3 d that does not result in major changes in body fat mass does not significantly increase 24-h ghrelin levels, as might be expected if ghrelin acts as a signal to increase appetite, but does result in loss of the meal-related pattern of secretion. Finally, although ghrelin and leptin levels are inversely correlated, physiological and pharmacological leptin levels do not regulate ghrelin over the course of hours to a few days. Future studies to fully elucidate ghrelin physiology in humans are clearly needed.
